Abstract-This study attempts to determine the daily load patterns of service zones, line switches, distribution feeders, and main transformers by using customer information in a customer information system (CIS) and information about distribution transformers in the outage management information system (OMIS) in Taiwan Power Company (Taipower). When a power distribution system is operating under normal conditions, the reconfiguration of feeders for balancing loads among distribution feeders is obtained by the colored Petri nets (CPN) inference mechanism, which improves the operating performance of distribution systems. A practical Taiwan power distribution system, with daily load patterns derived by a load survey, is used for a computer simulation and, thus, determines the effectiveness of the proposed methodology to improve the balancing of the feeder load for distribution systems by considering the load characteristics of the service customers.
I. INTRODUCTION

W
ITH the vigorous development of the economy in Taiwan, Taipower has experienced the continuous increase of load density over the whole power distribution system. The distribution feeders may become overloaded due to load growth and substation planning and it complicates the distribution system operation in areas with high load density.
With the usage of more and more air conditioners in the commercial and residential areas, the air conditioning loading has contributed more than 35% of the summer peak loading of Taipower. It is estimated that the system power consumption increases by 600 MW per 1 temperature rises when the temperature exceeds 28 C. The difference between the system load at the daily peak and the offpeak in the summer season has increased from 4577 MW in 1989 to 8440 MW in 1998. Many main transformers in the substations are heavily loaded and the loading factors have deteriorated. Fig. 1 presents the total number of main transformers in Taipower and the corresponding loading factor (LF). It is found that the loading factors of 122 main transformers exceeded 95% and 33 main transformers were overloaded. To solve the problem, the mobile transformers have been used for the temporary relief of peak loading. Besides, the load transfer among distribution feeders and main transformers are considered to achieve the load balance by proper reconfiguring the distribution system. Load imbalance and uneven load distribution among feeders are important causes of increased system loss. Planning feeder reconfiguration by switching operations to achieve load balance among distribution feeders will reduce system losses [3] - [12] and increase the operation flexibility by evenly distributing the capacity reserve among the main transformers.
In a large power distribution system, feeder reconfiguration can change the system topology by changing the open/close states of the sectionalizing switches and tie switches under both normal and abnormal operating conditions to reduce the power loss and solve the overloading problem [3] - [12] . The feeder reconfiguration is a complex combinatorial and constrained optimization problem because of the enormous number of combinations of candidate switches [13] . It becomes more and more difficult to reconfigure feeders based on the experience of distribution operators. A more systematic operation and computer decision support strategy must be designed to reconfigure feeders quickly and effectively in the power distribution system. An integrated distribution automation system (DAS) has been successfully implemented by Taipower to increase the system reliability and service quality. The optimal switching operation (OSW) program [14] - [19] is to solve the feeder reconfiguration to achieve load balance among distribution feeders and main transformers so that the system loss can be minimized and system overloading due to the use of air conditioners during the summer can be prevented. Furthermore, the quality of power supply has become increasingly important to customers as power distribution systems operate under more constrained operation conditions. Accordingly, power distribution systems must benefit from more efficiently made operation decisions in response to handle the increasingly harsh operating environment, and the reliability of the power supply must increase.
To support the decision-making process of optimal interfeeder switching operation, the CPN inference mechanism approach with operation rules is performed to derive the appropriate combination of switching operations for load transfer among distribution feeders under system normal operation conditions or overload contingency conditions by considering the daily load patterns of customers. The daily load profile of each distribution feeder in the Taipower distribution system is determined by considering the typical load patterns of various customers. The power consumption information of customers within each service area is derived by the customer information system (CIS) and outage management information system (OMIS) in Taipower. The CPN inference mechanism, combined with the utility operation rules, can therefore efficiently determine the effective combination of switching operations to increase the system operation performance by balancing the load among distribution feeders and main transformers.
II. DISTRIBUTION SYSTEM OPERATION
An optimally load-balanced power distribution system is regarded as in an ideal state, such that all feeders and main transformers are operated at the same load level. To determine the load balance among distribution feeders after load transfer, an equivalent distribution feeder current over a day is defined as in (1) [14] - [19] , where represents the current loading of the feeder during hour .
(1)
The ideal feeder load level , and the ideal transformer load level are defined by (2) and (3) [14]- [19] , respectively. The terms and represent the current loading of feeders and transformers, respectively; and represent the feeders' and the transformers' rated capacities; and are the total number of feeders and transformers, respectively (2) The feeders' load balance index and the (3) transformers' load balance index are defined by the least square formulas in (4) and (5) [14] - [19] respectively, where and represent the percentage current loading of the feeders and transformers, respectively. The load balance index is zero for an ideal load-balanced power distribution system. A smaller load balance index implies better system performance (4) (5) To support the CPN inference mechanism for switching operational decision-making, the object-oriented programming language C++ is used to generate an object-oriented database of loads associated with customers, feeders, and main transformers. Given the difference between the typical load patterns of various types of customer, load transfer among distribution feeders by interfeeder switching will be effective to improve load balancing among distribution feeders and main transformers. [14] - [19] , [21] - [27] Colored Petri nets form a bipartite directed weighting multigraph, which is formalized using bag theory. A colored Petri net structure is a sextuple with , where finite nonempty set of place nodes; finite nonempty set of transition nodes. and are disjoint; that is, and ; : finite set of types, called color sets, which determine the operations and functions that can be used in the net inscription; :
III. COLORED PETRI NETS AND INFERENCE MECHANISM
A. Colored Petri Nets (CPN)
input token color transfer function, which communicates between the colors of the place node and each color of the transition node; :
output token color transfer function that communicates between the colors of the place node and each color of the transition node; : initial marking.
B. Enabled Transition Node
A place node is an input location of a transition node and is represented by ; is an output place node of a transition node and is represented by . In a colored Petri net, each token color can carry complex information or a database. Transition node is enabled with respect to color for the marking M, if and only if the number of tokens in all of the input place nodes of transition node is not less than the number of colors by the input function of the directed arc that connects place node to transition node . Equation (6) 
C. Firing an Enabled Transition Node
An enabled transition node , with respect to a color , can be fired. The new marking is obtained after transition node is fired with respect to the color . This new marking is obtained from the current marking by the following relationship [14] - [19] , [21] - [27] :
D. Inference in CPNs
The CPN views a system by describing the state transition of systems using place nodes to represent conditions, and transition nodes to represent events or activities. If all of the place nodes that enter a transition node receive token colors, then the transition node is enabled. If the guard function of the enabled transition node is evaluated to take action, then the transition node is activated. The activated transition node can be fired and the token colors changed between the entering place nodes and the outgoing place nodes. When the place node stands for completed work, the inference is then determined. In CPN, several 
TABLE IV FEEDER EQUIVALENT CURRENT COMPARISON
tokens may be present and several transition nodes may be activated simultaneously. Consequently, passing tokens can be processed along many paths simultaneously at the same time to achieve the parallel-like inference.
In practical distribution system modeling, CPN is used to model the practical switching in a distribution system, the on/off states of line switches and energized/de-energized/terminal states of service zones, which are represented by place nodes, specify the variable distribution system states during the inference process. The service section is defined as the terminal zone (T) when it is the final section in a feeder; every service section of a feeder except the terminal zone is regarded as a nonterminal zone (NT). Fig. 2 presents the switching operation model using CPN. The numbers of place nodes, transition nodes, and directed arcs in a CPN are calculated from (7), (8), and (9) [14] - [19] , where , , , and represent the numbers of service zones, sectionalizing switches, feeders, and faulted zones, respectively. Table I presents the relationships between the input place nodes and output place nodes of each switching operation of switch , according to the switching operation model obtained using Colored Petri nets. The relevant expressions are given by (10)-(13) [14] - [19] (7) (8) (9) (10) (11) (12) (13) In Fig. 2 , switch is fired to open to release the loading of z1 when all of the states of three input place nodes of the transition node are met: s(C) implies switch is closed; z2(E&NT) implies z2 is an energized, nonterminal zone; z1(E&T) implies that the objective zone z1 is energized and terminal. The fired transition node will open switch to generate three new output place nodes: s(O) is with switch is opened; z1(DE&NT) implies z1 is a de-energized and nonterminal zone, while z2(E&T) implies that z2 is an energized and terminal zone according to the "if then " rule as expressed in the notation in (10) . Similarly, in (11) is to release the loading of z2 by opening switch . To demonstrate the load balancing of distribution systems by feeder reconfiguration, a sample distribution system is selected for computer simulation. All of the switches are initially opened to maximize the freedom of load balancing switching operation decisions and are closed one by one, to pick up the adequate loading of service zones by considering the load distribution in each zone such that the redistribution of loading in distribution feeders may be divided equally as possible, subject to the following constraints 1) The number of switching operations is minimized; 2) the radial structure of distribution system is maintained; and 3) additional overload contingency associated with load balancing switching operations is not permitted.
IV. COMPUTER SIMULATIONS
In this paper, a distribution system with 18 distribution feeders, which serve the mixed loads of various types of customers in Taipower is used for case study. The current ratings of each feeder and main transformer are 450 A and 1350 A, respectively. Fig. 3 shows a one-line diagram and Fig. 4 plots the daily load profiles of distribution feeders.
The original feeder load balance index of the original system at 3 P.M. is 80.3; the feeder load balance index was markedly reduced to 62.1 and 57.3 by CPN and BIP [20] approaches, respectively. However, the proposed switching operations involve six and eight switched pairs, obtained by CPN and BIP approaches, respectively, as shown in Table II . The proposed CPN approach has lower operation costs because it involves fewer pairs of switching operation than BIP approach, but the load balances among distribution feeders by CPN and BIP approach are almost equal.
Without performing the switching operation, the loading distributions among distribution feeders are uneven and the system loss is large. Table III lists the daily scheduled switching load balancing operations derived by the proposed colored Petri nets inference mechanism. Table IV compares the equivalent current in distribution feeders during switching operations (SW). The feeder load balance index at 3 P.M. and 7 P.M. have been reduced from 64.1 to 50.3, 68.2 to 49.2, and that of main transformers has also been improved from 19.7 to 14.2, 22.8 to 12.6, respectively, by execution of the proposed switching operations. The equivalent feeder current of feeder #3, #17, #10, and #6 have been adjusted from 362 to 314 A, 144 to 170 A, 359 to 304 A, and 178 to 235 A, respectively, by the proposed switching operations. The load distribution among distribution feeders is divided even more effectively better by the balance index of feeders and main transformers as listed in Fig. 5 so that the system losses are reduced and the system operation performance is improved. Fig. 6 presents the resultant daily load profiles of the distribution feeders by execution of proposed daily load balancing switching operations.
V. CONCLUSION
In this paper, the typical load patterns of various customer types and the energy consumption of all customers served by each distribution feeder are used to calculate the hourly current flows of line switches and the loads in each service zone. Optimal switching operations for load balancing among distribution feeders were derived by applying the colored Petri nets parallel-like inference mechanism with operation rules in models of the colored Petri nets. One of the Taipower distribution systems, which consists of 18 distribution feeders and serves the mixed loads of various customer types, was selected for computer simulation to demonstrate the effectiveness of the proposed methodology. By executing the optimal switching operation derived by the colored Petri nets inference mechanism, the load distribution among the distribution feeders by load transfer switching operations was effectively improved. According to the computer simulation, the proposed methodology provides an effective tool with which distribution system engineers can solve the system reconfiguration for loss reduction and load balancing among distribution feeders and main transformers. Currently, he is a Professor in the Electrical Engineering Department at National Kaohsiung University of Applied Sciences, Kaohsiung, Taiwan, R.O.C. His research areas are power system operation, expert system, and application of artificial intelligence. Currently, he is an Associate Professor with the Department of Electrical Engineering at National Kaohsiung University of Applied Sciences, Kaohsiung, Taiwan, R.O.C. His research interests include power system operation, and application of operation research and artificial intelligence.
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